The sorption properties of SBA-15 and MCM-41 for toluene and ethyl acetate were investigated by temperature programmed desorption (TPD) techniques and an analysis of breakthrough curves. The amount of toluene adsorbed onto SBA-15 was distinctly larger than that onto MCM-41, while the desorption temperature of toluene from the former was also higher than that from MCM-41. However, in the case of ethyl acetate, similar adsorption and desorption behaviours were observed on these two samples. The interaction between organic molecules and adsorbents was evaluated in terms of the affinity index. It was found that both SBA-15 and MCM-41 exhibited positive adsorption properties towards ethyl acetate but negative behaviours towards toluene. Compared to the MCM-41, the larger quantity of toluene retained by SBA-15 and the higher desorption temperature for toluene relative to MCM-41 were ascribed to the higher adsorption potential existing in the secondary pores of SBA-15.
INTRODUCTION
Volatile organic compounds (VOCs) pose a great threat to public health. They are also considered to be one of the main precursors of photochemical smog (Serrano et al. 2007 ). Removal of these hazardous compounds prior to exhausting them to the atmosphere is absolutely essential. Adsorption has proved to be a reliable method which allows convenient subsequent treatments. Activated carbon has long been employed as the most widely used adsorbent, but its performance can be degraded as a result of undesirable disadvantages such as flammability, pore blocking, the hygroscopic nature of the material, its difficult regeneration, etc. (Sun et al. 2007) .
The discovery of mesoporous silica has provided a means of overcoming these disadvantages of activated carbon adsorbents. Such ordered mesoporous silica materials have attracted great attention because of their uniform pore channels, high surface areas, larger pore volumes, and especially their hydrophobic properties which make them suitable for the removal of VOCs from moist environments (Serrano et al. 2004; Soler-Illia et al. 2003) . Most importantly, both the surface chemistries and pore structures of these materials can be tailored by employing different synthesis routes. Although both MCM-41 and SBA-15 possess ordered hexagonal arrays of mesopores, those in SBA-15 are interconnected by micropores across the silica walls (Ryoo et al. 2000) . It has been reported that MCM-41 can desorb VOCs at lower temperatures relative to microporous zeolites and activated carbons (Wu et al. 2006 ). In addition, Newalkar et al. (2002) have suggested that its higher adsorption capacity and selectivity towards unsaturated hydrocarbons relative to saturated hydrocarbons makes SBA-15 a suitable adsorbent for the separation of light hydrocarbons. SBA-15 molecular sieves designed for CO 2 sorption (Xin et al. 2009; Tang and Landskron 2010) , the removal of pharmaceutical drugs (Bui and Choi 2009 ) and the cleaning of heavy metal ions from aqueous solutions (Thu et al. 2010; Yu et al. 2008) have recently been synthesized.
Most previous studies have explored the use of mesoporous silica as an adsorbent by using equilibrium adsorption isotherms or employing an inert carrier gas during the operation process (Serrano et al. 2004 (Serrano et al. , 2007 Kosuge et al. 2007) . In order to investigate the sorption properties of these materials under real conditions, in this work we have studied the adsorption and desorption properties of MCM-41 and SBA-15 using air as the carrier gas, and toluene and ethyl acetate as the probe molecules. The differing adsorption and desorption behaviours of toluene and ethyl acetate on these materials have been further discussed.
EXPERIMENTAL SECTION

Synthesis of MCM-41 and SBA-15
The pure silica MCM-41 sample was prepared using cetyltrimethylammonium bromide (CTAB) as the template, which was dissolved in de-ionized water and then a certain amount of ammonia added to obtain initial solutions with the following molar compositions: TEOS/CTAB/NH 3 •H 2 O/H 2 O ϭ 1:0.15:1.5:136. After stirring at 35 ЊC for 2 h, the mixture was transferred into a Teflon-lined autoclave and heated under static conditions at 100 ЊC for another 24 h.
SBA-15 was synthesized using the triblock copolymer EO 20 PO 70 EO 20 (Pluronic P123) as the template according to the method reported by Zhao et al. (1998) . In a typical synthesis, 4.0 g of P123 was added to 30 mᐉ of de-ionized water and 80 mᐉ of HCl solution (2 M), and 9.5 mᐉ of tetraethyl orthosilicate (TEOS) added. The resulting mixture was stirred for 10 min and then maintained at 35 ЊC for 20 h, followed by aging at 100 ЊC for 24 h under static conditions. These two solid products were filtered, washed with sufficient water and then dried at 90 ЊC overnight in air. Finally, the synthesized powders were calcined at 550 ЊC for 6 h at a heating rate of 1 ЊC/min.
Characterizations
Low-angle X-ray diffraction (XRD) patterns were collected on a PANalytical PRO MPD powder diffractometer equipped with an XЈcelerator detector using Cu Kα radiation (λ ϭ 0.154 nm), employing a working voltage of 40 kV and a working current of 40 mA. Nitrogen sorption isotherms were obtained using a Quantachrome Autosorb-1 apparatus at liquid nitrogen temperatures (Ϫ196 ЊC). The surface areas and pore-size distributions of the samples were calculated using the Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) methods, respectively. The microporosites of the samples were obtained by the t-plot method.
Measurements of the breakthrough behaviours and TPD spectra were performed on a laboratoryconstructed apparatus. For such purposes, a pre-weighed amount of adsorbent (60.0 mg) was placed in a quartz tube (6 mm i.d.) which was then purged with air (40 mᐉ/min flow rate during all steps) at 250 ЊC for 30 min. The adsorbent was then cooled down to 30 ЊC and the adsorption step followed using low concentrations of toluene (or ethyl acetate), whose concentrations were maintained at a steady value by means of a mass flow-meter and an ice-water bath. Thereafter, the adsorbent bed was purged with air for 60 min to remove any weakly retained organic compounds. Finally, to obtain the TPD spectra, the sample was heated over the temperature range 30-250 ЊC at a constant heating rate of 10 ЊC/min. The concentration of VOCs at the outlet was monitored by means of a Balzers Omnistar 200 mass spectrometer. Figure 1 shows the XRD patterns of the synthesized MCM-41 and SBA-15 samples. The three well-resolved peaks observed were assigned to (100), (110) and (200) reflections of hexagonal planar symmetry (P6mm). In comparison with SBA-15, the corresponding XRD peaks of the MCM-41 sample were located at higher diffraction angles because of the smaller mesopore size of this sample. Figure 2 overleaf shows the nitrogen sorption isotherms of the MCM-41 and SBA-15 samples at Ϫ196 ЊC. The isotherm for SBA-15 exhibits a H1 hysteresis loop, indicating the existence of cylindrical mesopores with a very narrow pore-size distribution. MCM-41 also possessed uniform mesopores, as no hysteresis loop was visible in the region of steep capillary condensation at a p/p 0 value of ca. 0.3. The XRD and nitrogen sorption results confirm that both MCM-41 and SBA-15 had been prepared successfully. Table 1 lists the textural properties of the MCM-41 and SBA-15 samples. It will be seen from the data recorded that the BET surface areas (S BET ) and the total pore volumes (V t ) of MCM-41 and SBA-15 were similar. However, the pore size of SBA-15 (6.5 nm) was much larger than that of MCM-41 (2.7 nm). Microporosity analysis indicated that MCM-41 contained virtually no micropore volume, while SBA-15 had a micropore volume of 0.063 mᐉ/g.
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2θ ( Figure 3 overleaf shows the breakthrough curves of toluene and ethyl acetate on the samples. As can be seen from the figure, the retention times for ethyl acetate on MCM-41 and SBA-15 were almost identical. In contrast, the retention time of toluene on SBA-15 was 20.1 min, which was much larger than that on MCM-41 (7.6 min). In addition, a wider mass-transfer zone (MTZ) for adsorption was observed for SBA-15. In other words, a greater length of time was necessary for organic molecules to attain adsorption equilibrium on SBA-15. As shown by the inset in Figure 2 , the poresize distributions based on the BJH model indicate that SBA-15 possessed larger pores than MCM-41, thereby making the adsorption equilibrium process more rapid. However, the wider mass-transfer zone obtained on SBA-15 was obviously not caused by the larger pore size; rather, the secondary micropores in SBA-15 could have been responsible for the delayed equilibrium and extended adsorption. The different breakthrough curve observed for toluene on SBA-15 relative to that on MCM-41 could also be attributed to the different pore structure of silica. It is reasonable to state that both the surface functional groups and the pore structure dictated the adsorption behaviour onto silica. In addition, the larger dynamic diameter of toluene (5.75 Å) could have made it more difficult for the molecule to penetrate into the pore structure and hence a longer time would be necessary to attain adsorption equilibrium. The amounts of toluene and ethyl acetate adsorbed were calculated from the gas concentrations and retention times shown in Figure 3 and are listed in Table 2 . The amount of toluene adsorbed onto MCM-41 was much smaller than that onto the SBA-15, whereas the corresponding amounts on both adsorbents were very close in the case of ethyl acetate. Ryoo et al. (2000) showed that SBA-15 has a broad distribution of micropores and connections, generated from the separation of the PEO block and the silica polymer during the crystallization process (Kruk et al. 1997) . Kosuge et al. (2007) also demonstrated that the dynamic adsorption capacity for toluene in SBA-15 was related to the micropore structure of the adsorbent. Hence, the higher toluene capacity in SBA-15 may be mainly attributed to the secondary micropores, while the lower amounts of toluene taken up by MCM-41 is probably due to the absence of complementary micropores. However, since these two adsorbent samples exhibited a similar dynamic capacity for ethyl acetate, it is possible that there is a strong interaction between the ethyl acetate molecule and the silanol groups ( ---Si-OH) on the silica surface (Galarneau et al. 2003) . Thus, for ethyl acetate adsorption, it is the surface functional groups rather than the pore structure that play the main role in retaining the adsorption amount. In contrast, the amount of toluene adsorbed can be mainly ascribed to the secondary pores in SBA-15. As shown by the data listed in Table 2 , relative to MCM-41, ca. 90 mg of toluene was retained in the pores of SBA-15, with only 54 mg being adsorbed in the micropore volume as calculated by the t-plot method. The other 36 mg of toluene could arise from the capillary condensation of toluene in narrower mesopores of ca. 2 nm diameter (Ryoo et al. 2000) . Determined from the beginning of the breakthrough depicted in Figure 3 . b Calculated on the basis of the retention time and the gas concentration. Figure 4 shows the TPD profiles of ethyl acetate and toluene on the MCM-41 and SBA-15 samples. It is well known that the peak area of a TPD curve is proportional to the amount of molecules desorbed, and that the maximum temperature (T max ) of the desorption peak can be regarded as a characteristic parameter related to the strength of the adsorbate-adsorbent interactions. It will be seen from the figure that the values of T max for the desorption peaks in the TPD profiles of ethyl acetate on SBA-15 and MCM-41 were almost identical, although the desorption temperature range on SBA-15 was slightly wider than that on MCM-41. However, the value of T max was obviously higher in the TPD profile of toluene on SBA-15 and the desorption temperature range was distinctly wider. Compared to the toluene desorption behaviours, the desorption of ethyl acetate from the two materials exhibited little difference. This implies strong interactions between ethyl acetate and the surfaces of these two adsorbents. The amount of toluene desorbed from SBA-15 was much higher than that from MCM-41, in agreement with the results of the corresponding breakthrough experiments. Furthermore, the T max value of toluene on SBA-15 was much higher than that on MCM-41, probably due to the higher adsorption potential in the secondary pores of SBA-15. A slightly longer delay in the termination of ethyl acetate desorption from SBA-15 may also be attributed to these secondary pores. Figure 5 overleaf shows the affinity indices of toluene and ethyl acetate on the corresponding adsorbents. The affinity index is defined as the difference between the maximum desorption peak temperature and the boiling point of the adsorbate (∆T ϭ T max Ϫ T b ). If this difference is positive, the adsorbent is considered to show positive affinity towards the organic molecule. If the difference is negative, the adsorbent is considered to exhibit weak affinity. The affinity indices of ethyl acetate (∆T ethyl acetate ) on both adsorbents were Ͼ 26 ЊC, indicating that there was strong interaction between ethyl acetate and the adsorbents. In contrast, the maximum desorption peak temperature of toluene on the adsorbents was lower than its boiling point (110 ЊC), implying that both MCM-41 and SBA-15 displayed a weak affinity towards toluene.
For an adsorbate exhibiting weak affinity, increasing the secondary pore volume of the adsorbent provides a good way of increasing the amount adsorbed. In contrast, for adsorbates exhibiting strong affinity, the surface area of the adsorbent has a dominant influence on the extent of adsorption. Serrano et al. (2007) reported that the values of T max for toluene on microporous adsorbents and zeolite (ZSM-5, beta, TS-1 and silicalite-1) were higher than 130 ЊC. In contrast, ordered mesoporous materials such as MCM-41 and SBA-15 can be employed at much lower temperatures. This is significant from the viewpoint of energy saving and employing moderate operating conditions.
CONCLUSIONS
Both MCM-41 and SBA-15 exhibited strong affinity towards ethyl acetate, whereas both samples exhibited a weak affinity towards toluene. The sorption behaviour of ethyl acetate on both adsorbents was similar. However, in comparison to MCM-41, SBA-15 exhibited a larger equilibrium adsorption capacity and a higher desorption temperature. The main cause of this difference is the existence of secondary pores in SBA-15. By using SBA-15 as an adsorbent, it was possible to achieve a balance between a large adsorption capacity and a moderate desorption temperature. 
